Introduction
Imprudent use of antibiotics in the last few decades caused a dramatic increase in the prevalence of drug resistance among similar to the case of Ag-based conventional compounds commonly used in the topical antimicrobial ointment formulations (e.g., silver sulfadiazine), AgNPs are not perfect solutions in substituting the antibiotic drugs. First, AgNPs may accumulate in the tissues, and Ag ions (Ag + ) may cause local or systemic side effects at high dosages or prolonged use, including allergic reactions, skin staining, and cellular toxicity. [12, 13] Moreover, AgNPs are also prone to the resistance development since metal ions primarily act via the disruption of internal biochemical targets/pathways likewise to most antibiotics to some degree. [14, 15] Antimicrobial nanocarbons such as single-walled carbon nanotubes (SWCNTs), multiwalled carbon nanotubes (MWCNTs), and graphene materials (GMs), on the contrary, seemingly function through the damaging of cellular envelopes via the combinational effect of multiple "physicochemical" routes. [16] [17] [18] Therefore, although it is not confirmed by experimental evidence to our knowledge, the manifestation of nanocarbon's antimicrobial activity in a multimodal manner might give them an edge in escaping from or delaying the development of microbial resistance. [6, 16, 19] On the other hand, both the carbon nanotubes (CNTs) and the GMs offer a unique level of chemical and physical versatility and robustness, which makes them interesting for the design of antimicrobial composites. [20] Yet still, the antimicrobial nanocarbons, including CNTs and GMs, are in their infancy as biomedical agents in comparison to AgNPs (see Table 1 for further information on the types, level technological maturity, and major advantages and drawbacks of antimicrobial nanocarbons).
Both the GMs and their nanohybrids have recently attracted more attention as antimicrobial materials compared to CNTs due to the relatively affordable cost and lower human (and environmental) toxicity of GMs. [21] [22] [23] Thus, here in this progress report, we provide a critical overview on the progress of antimicrobial nanocarbons, specifically focusing on GMs such as graphene oxide (GO), reduced GO (rGO), and graphene quantum dots (GQDs) (see the schematic illustration in Figure 1 ). We first discuss the multifaceted structure-property relationships of GMs in relation to their proposed mechanisms of antimicrobial action. Then, we introduce the major modes of biomedical utilization of GMs as antimicrobial agents based on the existing fundamental research studies. Later, we further elaborate on the potential of GMs in future biomedical applications in the light of newly emerging preclinical studies and current uses of conventional carbon materials in clinical settings. Finally, we provide our perspectives for filling the major gaps of knowledge in this field for moving forward and briefly discuss potential health concerns. We hope that this work will encourage researchers in putting more efforts toward the translation of research findings into actual clinical practice in this fast-growing field.
Antimicrobial Activity of Graphene Materials
Ever since the observation of the antibacterial activity of GO and rGO in 2010, [24, 25] the interest in antimicrobial GMs is rapidly growing. Following the footsteps of fullerenes and CNTs, [26] [27] [28] [29] [30] [31] [32] the first few years of the explorations on antimicrobial activity of GMs mainly focused on the role of GMs' physicochemical characteristics on the microbial inhibition. [33] [34] [35] In return, a large volume of fundamental and mechanistic insights on the complex microbial inhibition mechanism of GMs (and GM-based composites) have been gathered in a short period of time. [33] [34] [35] [36] [37] [38] [39] In the section below, the key aspects of the antimicrobial behaviors of GMs are critically explained.
The Role of Material Physicochemistry
The antimicrobial activity of nanomaterial systems refers to nanotoxicological effects acting on the microbial cells. Accordingly, as observed for the nanotoxicity of virtually all nanoparticles, [40, 41] the antimicrobial activity of GMs depends on their nanoscale structures and physicochemical properties, such as dimensions, solubility, dispersability in solutions (in connection to surface charges and aggregation behaviors), capability in the production of oxidative species, and existence of capping agents in solutions. Uniquely, GMs refer to a large family of structurally, and hence physicochemically, diverse materials comprising of pristine graphene (PG), few-layer graphite platelets (GPs), oxidized and reduced forms of PGs' and GPs' (e.g., GO and rGO), and other graphene-related materials such as GQDs. [42] [43] [44] In accordance, the antimicrobial behavior of the members of GMs differs significantly in terms of their efficacy and the way that they potentially function. Therefore, before discussing the specific experimental findings on the antimicrobial evaluation of GMs, it is worthwhile to elaborate on structure-property relationships of GMs.
Structure-Property Relationships
Defining structural characteristics of GMs is primarily threefold: (i) layer number, (ii) lateral dimension, and (iii) chemical composition (see Figure 2) . Depending on the details of their production processes, no matter top-down or bottom-up routes are used in the production, each of these three characteristics may vary in a wide range. [45] [46] [47] Namely, in top-down methods like micromechanical cleavage (e.g., Scotch-tape isolation method) and thermochemical synthesis routes (e.g., Brodie and Hummers methods), the layer number of resulting GMs ranges from a single layer to tens of layers as a function of the extent of process conditions (e.g., process duration) and precursors employed. Likewise, the lateral dimension of the GMs spans from a few nanometers to tens of micrometers. The chemical composition of GMs, on the other hand, exemplifies an immense diversity. For instance, while GMs produced via micromechanical cleavage of natural graphite or chemical vapor deposition (CVD) are practically comprised of carbon (C) atoms only, thermochemically produced GMs contain a large amount of oxygen (O) due to the utilization of strong acids and/ or oxidizers during the process. For instance, depending on the degree of oxidation, the C/O ratio of the products from the Hummers method might typically be as low as ≈2-4, which correspond to 20-35% of O. [48] [49] [50] And, as PG is hard to obtain and work with, the reduced form of GO (rGO) is commonly used as a chemical counterpart, which may exhibit the C/O ratio of any number up to ≈250-300. [49, 51] Besides, not only the overall C/O ratios but also the abundance profiles of O-containing functional groups, such as carboxyl, carbonyl, hydroxyl, and epoxy groups, change as a result of the production and post-synthesis treatments. [45, 50, 51] Likewise, GMs may contain various types of additional elements such as nitrogen (N), sulfur (S), phosphorus (P), and fluorine (F) due to natural reasons but more often as a result of chemical doping. As another complexity that effects the functional group profiles, GMs often carry defects (i.e., structural imperfections). [52] In addition, unless very stringent postpurification protocols are applied, GMs inherit a variety of (metallic) impurities coming from the parent materials and/or synthesis routines, which might dramatically influence the overall biological behavior of the examined materials. [53] [54] [55] Finally, GMs are quite frequently subjected to high-intensity ultrasonic treatment (with or without stabilizing agents) for enhancing their colloidal stability, which reduces their layer number and lateral dimension significantly. • Need for performance improvement [17, 143, 157] Nanodots and Nanodiamonds
Early preclinical research (with an exception of a recent clinical trial [68] on nanodiamonds)
• Enabling PDI/PTI • Affordability
Limited information [21, 68, 158, 159] a) These descriptions are given for some representative commercial products only; b) These major advantages/disadvantages refer to the antimicrobial applications; c) See future perspectives in Section 4 for further insights.
Antimicrobial Mechanisms of Graphene Materials
Along the lines explained above, our group has studied three main characteristics of GMs explained above in two consecutive studies. [33, 34] As the first step, our group compared GO, rGO, and their bulkier counterparts, i.e., graphite (Gt) and graphite oxide (GtO), using Escherichia coli (E. coli) cells cleaned and suspended in saline solution. [33] The low antibacterial activity of Gt and GtO is attributed to their lower dispersion stabilities (see insets in Figure 3a ). In the time-and concentration-dependent tests of GO and rGO, the antibacterial performance of GO was found consistently higher than that of rGO (Figure 3b ,c). [33] Scanning electron microscopy (SEM) studies suggested that GO-exposed cells are largely envelope compromised and almost evenly wrapped by GO layers (Figure 3d ,e). In contrast, rGO particles formed large aggregates and exposed cells, either seemingly intact or damaged, often embedded inside those (Figure 3f ).
To explain the mechanism of killing effect of GO and rGO, the role of sharp nanoedges was considered. However, given the antibacterial performance of (aggregating) rGO is not dramatically lower than that of GO, the possible role of reactive oxygen species (ROS) was also examined. The potential contribution of superoxide-dependent, and -independent pathways was evaluated by performing XTT (a tetrazolium salt) and γ-l-glutamyl-l-cysteinyl-glycine, glutathione (GSH) assays, respectively. The XTT-based results have shown that both GO and rGO do not mediate the generation of superoxide anion (O 2
•− ) profoundly. GSH reduction capacity of rGO (40 µg mL −1 ), on the other hand, is comparable to 1 × 10 −3 m H 2 O 2 (Figure 3g) , and much higher than that of GO at all the experimental conditions studied (Figure 3h,i) . Therefore, ROS-mediated killing seems a dominating factor for the antimicrobial activity of rGO, while it is not the case for GO. [33] Subsequent studies further elaborated on the role of ROS involvement and ROS-dependent lipid peroxidation, which damages cellular membranes. [36, 56, 57] Importantly, when the ROS accumulate in the cells, the naturally occurring antioxidants (such as GSH) fail in neutralizing the effect, which results in a total collapse of cellular functions through the damage of DNA and vital enzymes.
In a follow-up work, Liu et al. studied the effect of lateral dimension on GO's antibacterial efficacy. [34] A steady decline in the loss of bacterial viability was observed as the lateral size of GO sheets decrease (Figure 3j) . Importantly, the cells exposed to micrometer-sized large GOs were observed to be fully wrapped with under atomic force microscopy (AFM) (comparing the untreated cell seen in Figure 3k with the cells exposed to large Figure 3l ). In contrast, the cells exposed to small GOs were membrane compromised (Figure 3m ). These observations suggest that the larger sheets isolate the bacterial cells and limit their growth via physical trapping and/or blocking membrane transport. In another study, Chen et al. suggested that GO sheets intertwine, wrap around and/or puncture, and eventually destabilize the cellular envelopes of bacterial and fungal cells. [37] Their detailed analysis demonstrated that GO particles disrupt the cellular membrane potential in bacterial cells, and cause the leakage of electrolytes in fungal spores. Later, Tu et al. provided another important clue regarding the complex mechanism of GMs' antimicrobial activity. [35] Using experimental and computational tools, they found that GMs might insert through and hence destabilize cellular membranes by interacting with and eventually extracting out the phospholipid molecules of cellular membranes.
GOs in
Overall, the killing mechanism of GMs is likely a combination of several factors including (i) physical puncturing (a.k.a. "nanoknife" mechanism), (ii) oxidative stress-induced damaging of cellular/membrane components, (iii) wrappingmediated blockage of membrane transport and/or restriction of growth, and (iv) membrane destabilization by insertion and destructive extraction of membrane components. Depending on the experimental conditions, the combinatorial effects of those main mechanisms manifest themselves as the total destruction of the cellular envelope (i.e., bactericidal effect) or inhibition of growth (i.e., bacteriostatic effect). Among the critical experimental conditions that affect the interplay of the mechanisms explained above is the functional group profile of GMs. [57] [58] [59] In other words, the chemical nature of GMs presumably affects the oxidative stress generation capability and intermolecular interactions with microorganism surfaces. (Interested readers may find further insights regarding the structure-property-mechanism relationships of GMs' antimicrobial activity in ref. [39] ).
Influence of Biotic Factors (Microorganisms)
Being a well-known model microorganism and a prevalent pathogen, Gram-negative E. coli appears as the primary target in the vast majority of the studies performed on GMs. However, for both fundamental reasons and future applications, it is important to understand the effect of antimicrobial agents on a variety of species. Along these lines, Akhavan and Ghaderi studied both the Gram-negative and -positive species in a pioneering work. [24] Using GO and rGO surfaces, they found that Gram-negative E. coli is less susceptible to GMs than Grampositive Staphylococcus aureus (S. aureus). Since the Gram-positive species have much thicker peptidoglycan layers compared to the Gram-negative ones, Akhavan and Ghaderi attributed their observation to the additional protection provided by the outer membrane structures found in Gram-negative cells. [24] In a subsequent study, Krishnamoorthy et conclusions by comparing the GO susceptibility of Gram-positive Streptococcus iniae with E. coli. [36] In another comparative study, Hui et al. tested the antibacterial activity of fullerene-and GO-derived GQDs on three types of rod-shaped, E. coli, Pseudomonas aeruginosa (P. aeruginosa), and Bacillus subtilis, and one type of spherical species, i.e., S. aureus. [60] Interestingly, GQDs produced through the chemical rupture of C 60 cages exhibited antibacterial activity selectively against different S. aureus strains. And, GQDs derived from the microwave-aided acidic decomposition of GO, on the other hand, totally failed against all the four species, showing a slight activity on a single strain of S. aureus. To explain this peculiar observation on the selective killing, the role of shape matching was suggested. Using AFM-based calculations, the average Gaussian curvature of C 60 -derived GQDs was estimated, which matched to the curvature of (spherical) S. aureus. [60] Since ) as function of time; c) varying concentrations of GO and rGO at a fixed duration (2 h). SEM observations of d) untreated, e) GO-exposed, or f) rGO-exposed (40 µg mL −1 , 2 h) cells. g-i) GSH reduction tests. Adapted with permission. [33] Copyright 2011, American Chemical Society. j) The effect of GO's lateral size controlled by the duration of ultrasound treatment (GO: 80 µg mL −1 ). k) Untreated, l) large GO-exposed, and m) small GO-exposed cells under AFM (inset figures in (l) and (m) show the AFM images of the largest and smallest GOs studied, respectively). Adapted with permission. [34] Copyright 2012, American Chemical Society. (Note that some images are recollaged and relabeled.) the surface functional group profiles and zeta potential values of C 60 -and GO-derived GQDs also vary significantly, it is hard to reach a conclusive mechanism perhaps. However, these results provide a new insight on the role of microorganisms in GMs' antimicrobial activity.
In addition to the role of species/strain of microorganisms, which also indicates the Gram-property and shape factors, the physiological condition of cells is also crucial. [61] Testing the GO susceptibility of E. coli cells harvested at three different growth stages, i.e., mid-exponential (naïve), early-mid stationary (healthy-mature), and early decline (challenged-mature) phases, we found that exponential-phase cells are highly susceptible to GO compared to stationary-and decline-phase cells. Importantly, studies using P. aeruginosa and S. aureus showed that the impact of physiology is not specific to a certain species or Gram-property of bacteria. Moreover, it was observed that the transition from exponential to stationary phase made a much more significant impact on the survival of Gram-negative species against GO. Based on a series of characterizations probing the surface properties of physiologically naïve and mature cells, the maturation of outer membrane structure was proposed as a key parameter. [61] 
Influence of Abiotic (External) Factors
In addition to the role of GMs' physicochemical properties and the nature of microorganisms, various abiotic factors such as inorganic and organic solutes also affect the antimicrobial activity of GMs. As the third player in GM-microorganism interactions, the abiotic external factors might show their impact in two ways: (i) influencing the aggregation behavior and bioavailability of GMs, and (ii) altering the behavior of microorganisms. The most widely acknowledged abiotic factor is the ionic strength. Cations induce fast aggregation of GMs and hamper their interactions with microorganisms which lead to reduced antimicrobial activity. [33, 62] In conjunction with the role of ionic strength, the effect of stabilizing agents comes into play as another domain of abiotic external factor. With regard to the biological interactions of nanocarbons in general, the biological inertness of stabilizing agents is important as they can make a crucial impact on overall toxicity. [30, 63] However, given the myriad types of stabilizing agents waiting to be tested, it is difficult and perhaps inappropriate to draw further generalizations. Nevertheless, it is noteworthy to emphasize that stabilizing agents (and polymeric coagents) may significantly enhance the antibacterial activity of GMs. For instance, Mejías Carpio et al. observed that the composite materials made out of poly(vinyl-N-carbazole) and GO exhibit much higher antibacterial activity than GO alone, which they attributed to the enhanced dispersion effect. [64] In a more recent work, we combined GO with a copolymer, well known for its "bioinertness," Pluronic. Interestingly, it was observed that Pluronic (F-127) dramatically enhances the antibacterial activity of GO (against exponentialphase bacteria) when used above a certain concentration (e.g., 1-5 mg mL −1 ). We found that Pluronic serves two critical roles: improving the dispersion stability of GO and exerting osmotic pressure on cellular envelopes. [65] The effect of ionic strength is not limited to its relation to the aggregation state of nanocarbons. We have recently demonstrated that when bacterial cells are challenged with hypoosmotic stress caused by water shock (i.e., an abrupt decrease in the ionic strength of the environment), GO exhibits superior antibacterial activity. [65] Importantly, using E. coli, P. aeruginosa, and S. aureus, it was found that this effect is much more pronounced on Gram-negative cells. Osmotic downshock effectively damages the cellular envelopes of Gram-negative cells with sublethal injuries. Then, GO finds a better chance to kill those sublethally injured bacteria. However, Gram-positive cells with much thicker bacterial peptidoglycan layers may withstand such mechanically driven perturbations and survive better. It should be noted that the Pluronic-GO exhibits higher antibacterial activity on hypoosmotically challenged cells. [65] On another aspect, both the biological macromolecules, including the growth medium components, and salts are also impactful on the antimicrobial activity of GMs (see Section 4.2.1 for further insights). [23, 66, 67] 
Biomedical Potential of Graphene Materials
Except for the very recent and isolated case of nanodiamonds' exploitation in the fabrication of antibacterial dental fillings, [68] to our knowledge, there is no record for the clinical trial of antimicrobial GMs. As a matter of fact, even the preclinical studies are scarce, other than the fundamental research studies generic in nature. Therefore, before discussing the results of the preclinical studies, we first introduce those proof-of-concept studies, which exemplify the varied modalities of GMs' utilization in antimicrobial applications, including (i) dispersion (colloids) and (ii) coating surfaces, and (iii) controlled release and (iv) light-activation platforms. Next, we elaborate on the fabrication of antimicrobial wound dressings/bandages as those dominate the application-driven research. Futhermore, we also introduce a few examples on the functionalization of medical device surfaces for infection prevention purposes, and design of antibiotic-like therapeutic formulations ("nanoantibiotics").
Utilization Modes of Graphene Materials
Being a newly emerging field, the majority of studies reported on antimicrobial GMs so far are proof-of-concept studies under four major themes according to their intended usage areas: (i) antimicrobial colloids; (ii) contact-killing surfaces, (iii) release-killing surfaces, (iv) light-activated disinfectants (i.e., photothermal/photodynamic inactivation).
GM-based antimicrobial colloids may contain GMs in sole (GM only), [33] surfactant-/polymer-stabilized, [64, 65] or synergistically mixed [69] [70] [71] [72] [73] [74] forms. The sole and stabilized forms are rather straightforward as those contain GMs as the only active component. Synergistic mixtures, on the other hand, are often rather complex materials, such as AgNP-GM hybrids. [70, [75] [76] [77] [78] [79] AgNP-GM hybrids are commonly produced via in situ growth of AgNPs on GM surfaces. Since AgNPs release antimicrobial Ag + ions through their surfaces, GMs also act as a release platform of Ag + ions. Eventually, both the contact-and releasekilling events take place at the same time, yielding superior antimicrobial performances. To further improve the dispersion quality of such hybrids, polymeric agents have been employed in the formulations. [71, 80] In addition to AgNP-GO hybrids, several other synergistic mixtures have been developed, including the mixtures of rGO with quaternary phosphonium salts, [69] iodine, [74] and antibiotics. [72] By depositing GM-based antimicrobial colloids discussed above on surfaces, the resulting antimicrobial surfaces can act via contact-killing only or contact-plus release-killing. Early studies on the antimicrobial activity of GMs investigated GO-and rGO-coated surfaces. [24, 25] Importantly, surface morphologies of those GM coatings are often dramatically different among each other. Akhavan and Ghaderi studied the asprepared (nonreduced) GO and rGO surfaces formed by electrophoretic deposition (on stainless steel substrates) with the nearly vertically aligned GO or rGO stacks. [24] They explained the antimicrobial activity by the direct contact of sharp edges with bacterial envelopes similar to the contact-mediated puncture mechanism suggested for CNTs. [30, 81] In contrast, Hu et al. prepared horizontally aligned flat surfaces using GO and rGO membranes prepared by vacuum filtration. [25] Thus, surfacedeposited GMs are known to exhibit antibacterial activity in both the vertical and horizontal orientations. It should be noted that this suggests that the killing mechanism is not limited to physical puncturing. And, subsequent studies have shown that vertically aligned [82] and wrinkled [83] GM surfaces may exhibit higher antibacterial activity compared to horizontal orientation.
Recently, Elimelech and co-workers further corroborated the existing understanding on the effect of particle alignment on GM-bacteria interactions with a systematic study ( Figure  4) . Briefly, they have first embedded GO particles in a polymeric precursor matrix (2-hydroxyethyl methacrylate, HEMA). Then, using magnetic field, they have aligned embedded GO particles randomly, vertically, or horizontally. Finally, they have polymerized and crosslinked HEMA under ultraviolet (UV) irradiation, and resurfaced GO particles by UV/ozone treatment (Figure 4a ). Using complementary techniques, they clearly demonstrated that the bacterial cells exposed to vertically aligned surfaces get severely envelope compromised (Figure 4b-e) . [84] Considering that GMs are commonly in randomly oriented form in most of the polymer nanocomposites, this recent finding highlights the importance of surface morphology control. In fact, several studies have demonstrated the production of antimicrobial coatings using GMs and polymers. [85] [86] [87] Due to the space limitations and our desire to avoid repetitions, this progress report did not set out to be comprehensive on antimicrobial GM-polymer composites. Therefore, we rather limited ourselves by covering representative examples on wound healing materials and medical device coatings in Subsections 3.2 and 3.3. Interested readers can find an in-depth account of antimicrobial GM-polymer nanocomposites in ref. [20] .
Above, we have briefly explained the utilization of GMs in antimicrobial applications as colloidal dispersions, release platforms, and surface coatings. As the fourth mode of utilization, GMs an also be actively used as photothermal agents. GMs show strong intrinsic absorption of near-infrared (NIR) light, which has high skin penetration. Thus, NIR-irradiated GMs can locally raise the surrounding temperature of deeper tissues. Besides, photochemical reactions induced by GMs in the presence of water in situ produce free radicals. Akhavan et al. studied the encasement and subsequent NIR-based inactivation of E. coli in GO and rGO. [88] Several other studies also used this modality for wound healing applications (see Subsections 3.2 and 3.4 for further examples).
Wound Bandages and Dressings
As exemplified in Table 1 , AgNP-based wound dressing materials showed some clinical success, particularly in the infection control and the treatment of superficial wounds. In a similar vein, GMs may find potential usages in wound management applications to realize medical functions, such as minimizing infections, accelerating wound closure, stimulating proper healing without scar formation, and maintaining the wound environment moist. Several strategies reported in recent studies are described below, including: (i) antibacterial hybrids of GQDs and hydrogen peroxide (H 2 O 2 ), (ii) antibacterial AgNP-GM hybrids, (iii) antibacterial polymer composites containing GM alone, (iv) enhancing structural stability of wound dressings by GMs, and (v) enhancing photothermal bacterial inhibition performance by GMs.
In a pioneering work, Sun et al. demonstrated the potential use of GMs in wound management employing GQDs of around 5 nm in lateral dimension (Figure 5a ) and ≈1.3 nm in thickness. [89] Using a wound bandage prepared by impregnating cotton fabrics with active agents (see Figure 5b ,c), they combined GO-derived GQDs with a conventional topical antiseptic agent, H 2 O 2 . Taking the advantage of known peroxidaselike activity of GQDs, they effectively decomposed H 2 O 2 and generated hydroxyl radicals ( • OH) in situ, leading to higher antimicrobial activity than using H 2 O 2 alone. This synergistic formulation allowed the accelerated wound closure and scab formation in a mice model within 3 d without the presence of edema and erythema (see Figure 5d ). Significantly lower viable bacteria were obtained from the wound area during this 3 d duration, implying minimized risks of infection (see Figure 5e ). [89] Using low concentration H 2 O 2 also minimizes potential damages to the surrounding tissues, which is beneficial to the wound healing process. [90, 91] As a potential improvement, Chen et al. demonstrated the synthesis of AgNP-GQD hybrids, which increases the peroxidase-like activity. [92] Further, using AgNP-GQD hybrids for both the H 2 O 2 decomposition and the NIR-irradiated hyperthermia, they have achieved much more efficient bacterial inactivation. [93] Given H 2 O 2 is a highly affordable and broad-spectrum antiseptic agent, [94] these results demonstrate the potential of GQDs in the design of antimicrobial wound dressings/bandages. Particularly, we envision that the optimization of GQDs' properties may speed up the development of GQD-based antimicrobial wound bandages. Because, previous studies have clearly demonstrated the dramatic impact of synthesis routines on physicochemical, catalytic, photochemical, as well as antimicrobial properties of GQDs. [60, [95] [96] [97] Moreover, we anticipate that the way GMs, in general, are combined with the bandage substrates can cause a notable change in end performance of antibacterial GM-textile composites. In an earlier study, Zhao et al. covalently functionalized cotton fabrics using GO sheets for potential antibacterial applications. [98] Cotton materials typically contain ≈90% cellulose; and, the second most used medical gauze material, i.e., rayon, is also derived from cellulose. Thus, it is worthwhile to explore the performance of surface-immobilized GQDs, for example, GQDcoated rayon, and surface-impregnated GQDs, comparatively.
On the other hand, GMs may also serve as a substrate for AgNPs in designing wound dressings. Coating ultrafine Ag/ AgCl nanoparticles on rGO sheets, Zhou et al. showed significant bactericidal effects at 0.5 mg L −1 for E. coli and 2 mg L −1 for S. aureus. The good stability of AgNPs on rGO sheets allows the usage of the low Ag concentrations (≤5 mg L −1 ), which has minimal impacts on the viability of mammalian cells. Minimized infection and good biocompatibility led to accelerated healing in in vivo burn models. [99] Further, Fan et al. reported that desirable mechanical and antibacterial properties can be obtained by tuning the mass ratio between Ag and the GMs. [100] Acrylic acid and N,N′-methylene bisacrylamide were crosslinked with GO hydrogels. At the 5:1 Ag-to-GO ratio, good biocompatibility, strong antibacterial ability, and high swelling ratio with sufficient mechanical strength were obtained, leading to the higher wound healing ratio during a 15 d observation (see Figure 5f ).
With its own antibacterial activity, GMs can also be applied as wound dressings. For example, GO nanoplatelet-containing polyurethane/siloxane network prepared through sol-gel hydrolysis/condensation procedure displays widespread antimicrobial effects against fungal and Gram-positive/-negative species. [101] At the optimum GO content (5 wt%), the dressing shows good compatibility with fibroblast cells, and enhanced wound healing in terms of re-epithelization, vascularization, and collagen deposition (see Figure 5g) . It should be noted that in an early study, Yeganeh and co-workers described an electrostimulating wound dressing material by the addition of an electroactive component in the similar polyurethane/siloxane network without GO. [102] Besides the antibacterial performance, the structural stability of wound dressings and bandages is highly important for wound management. To this end, GMs with facile preparation and good mechanical strength have been incorporated into various wounddressing formulations to improve their structural stability. For instance, Mitra et al. have improved the mechanical stability of collagen-made 3D tissue scaffold three times using GO. [103] Similarly, the incorporation of GO nanosheets into chitosan-/polyvinylpyrrolidone-based electrospun porous membranes improved the mechanical properties of the resulting membranes significantly. [104] The inclusion of GO was also found to enhance the interactions with human fibroblast cells, leading to the accelerated wound healing rate on rat skins above 90%. [104] In another recent study, researchers have employed rGO for enhancing the photothermal bacterial inhibition performance of gold-coated polymeric (Kapton) skin patches. [105] Beyond the demonstration of dual photothermal effects under NIR irradiation, it was also applied to treat subcutaneous skin infections. Following the occurrence of skin wounds, especially in severe cases, bacterial infiltrations can cause significant damages even to the underlying muscle fibers when poorly treated. To this end, the application of the skin patch coupled with the laser treatment may lead to the effective and early prevention of infections.
Functionalization of Medical Device Surfaces
Early bacterial contamination of percutaneous medical devices (e.g., bone/dental implants and catheters) is generally unavoidable. Often, there is lack of integration between the soft tissues and the device interfaces, resulting in inflammation, swelling, accumulation of bursal fluids, and eventually establishment of infection. Such is the case for almost all biomaterials used in medical device fabrication. [106, 107] Therefore, as a prophylaxis against infections Adapted with permission. [89] Copyright 2014, American Chemical Society. f) Photographs of wounds treated with the PAA-AgNP-rGO hydrogels with different mass ratios of Ag and rGO (e.g., Ag5G1: ≈5% Ag + ≈1% rGO). Adapted with permission. [100] Copyright 2014, Wiley, Inc. g) Photographs of wounded mice treated with gauze (control), and the dressings made of plain (XSi-PU), and GO-incorporated polymeric gel (XSi-PU/GO 5%) at different time points. Adapted with permission. [101] Copyright 2017, Springer. (Note that some images are recollaged and relabeled.) and premature failure, it is crucial to design medical device surfaces with short-and long-term antimicrobial activity. [108] Although there is no clinical study yet, several fundamental studies have been reported on the potential of antibacterial coatings prepared using GMs. Xie et al. coated polydopaminefunctionalized titanium (Ti) surfaces with AgNP-decorated GO. [109] Because of Ag + release and visible light-induced ROS generation by AgNP-GO particles, the surfaces showed high antibacterial activity (Figure 6a) . They observed that the innate immune mechanisms of mice could fight the bacterial infection on nanocomposite coatings in a few days, while it took over two weeks on bare implants (Figure 6b) . Furthermore, the collagen coating on top of the AgNP-GO particles was shown to improve the biocompatibility of the Ti surfaces.
Antibacterial GMs and GM-based nanocomposites might induce tissue healing as well. For instance, Chen et al. described an osteogenic and antibacterial composite made of ZnO and carboxylated GO. [110] The composites shown in Chen et al.'s study upregulated the osteogenesis marker genes and promoted mineralization in a variety of in vitro assays. In another interesting recent study (Figure 6c ), polydopamine-GO-coated Ti substrates were shown to have the capacity of triggering osteogenic differentiation (Figure 6d ) and biofilm inhibition (Figure 6e) simultaneously. [111] Bioactive and antibacterial properties of GMs and GM-based nanocomposites are also promising for dental applications. [112] [113] [114] An earlier study has demonstrated a significant reduction in the biofilm formation of a cariogenic species, Streptococcus mutans (S. mutans), on ZnO-GM-coated acrylic teeth implants, without toxic side effects. [112] Another group tested the potential of GMs as antibacterial additives for bone-mimicking ceramic materials, bioactive glasses. In two recent studies, [115, 116] Shih et al. have demonstrated that nitrogen-doped GO-containing bioglass exhibits enhanced antibacterial activity against E. coli, relative to both the GO-containing and bare bioglasses.
Infection control is also highly necessary for catheter and stent applications, such as urinary interventions and minimally invasive surgeries. Thampi et al. reported a general route for suppressing the bacterial attachment on commonly used polycarbonate-urethane membranes in catheter fabrication. [117] They found that GO coatings can reduce the bacterial adhesion significantly (64% and 85% for S. aureus and P. aeruginosa, respectively) together with platelet adhesion reduction. It is important to emphasize that GMs are also interesting for catheter/stent applications as antithrombogenic coatings. Podila et al. have demonstrated that GM-coated nitinol surfaces show lower blood clotting (thrombosis) rate due to greater affinity of GMs toward albumin than fibrinogen. [118] Besides, albumin functionalization Reprinted with permission. [109] Copyright 2017, American Chemical Society. c) Schematic and preparation of rGO-coated osteogenic implant. rGO-modified implant showed d) significantly greater calcified structure with e) lesser biofilm formation as compared to pure Ti implant. Adapted with permission. [111] Copyright 2016, American Chemical Society.
can be performed to further enhance such an antithrombogenic effect. [119] 
Antibiotic-Like Formulations
Rich chemistry and chemical tunability of GMs facilitate the conjugation of capping agents for improving their biocirculation. More importantly, they allow the attachment of biospecific molecules (like antibodies) useful for targeted and controlled delivery. [120] Therefore, although their use is not expected to happen in the near future, we believe that GM-based formulations might potentially be used as smart antimicrobial medications, i.e., "nanoantibiotics." The most promising demonstrations so far are based on the light-activatable designs. For example, Wu et al. fabricated a colloidal photothermal composite made of rGO, iron oxide nanoparticles (IONPs), and glutaraldehyde. [121] Glutaraldehyde captures bacterial pathogens, and rGO particles mediate NIR-based photothermal inhibition (PTI). IONPs, on the other hand, work for the magnetic separation and reuse of the composite. In a subsequent study, Tian et al. combined GOs, IONPs, and AgNPs together as GO-IONP-AgNP composites, and showed that the composites exhibit much higher antibacterial activity compared to the individual components against both E. coli and S. aureus. [122] In a following report, Wang et al. developed a similar composite but using polyethylenimine as a mediator during the growth of AgNPs, which enhanced the binding between rGO and the AgNP particles. [123] Going one step further, Halouane et al. have recently developed another light-activatable antibacterial nanocomposite using GOs and surface-functionalized-coated IONPs for targetspecific capture and photothermal ablation of urinary tract pathogens (Figure 7a) . [124] They have maintained the stability of their particles with pyrene-PEG molecules. And, of equal importance, they have functionalized IONPs with pathogenspecific targeting sites to selectively capture certain pathogenic species from bodily fluids via magnetic field-assisted separation (Figure 7b,c) . They observed that only a small fraction of captured pathogens remained using Live/Dead assay (Figure 7d ). But when they applied laser irradiation, they could destruct isolated bacterial pathogens within minutes (Figure 7e ). We believe these promising demonstrations show the feasibility of GM-based PTI agents for the targeted treatment of local disinfections in the future. As shown by Pan et al., light-activatable GO-IONP nanocomposites can be effective against methicillinresistant S. aureus (MRSA) on mice models (Figure 7f) . [125] Interestingly, a very recent study [151] has demonstrated that even GO itself is able to suppress a certain multidrug-resistant bacterial species in vitro (Figure 7g ) and in vivo (Figure 7h ).
Future Prospects and Conclusions
The recent progress in the field has already fueled expectations over the use of GMs in clinical settings. [126, 127] In our view, it is still quite early to rightfully evaluate the potential of GMs for reallife applications based on the currently available research findings. Nevertheless, the conventional carbon materials (CMs) used in actual clinical applications may provide useful information to speed up the maturation process of GMs. Therefore, below we first briefly summarize the main classes of biomedical CMs, and propose a few potential future directions for antimicrobial GMs. Then, we emphasize some of the remaining disagreements and knowledge gaps in the field as a part of pending challenges. While doing so, we give a particular emphasis on the fundamental aspects since we have already described several application-driven future directions above in Section 3. Later, we briefly discussed on the safety considerations of antimicrobial GMs. Finally, we end our discussions with some concluding remarks.
Collaborating with Conventional Carbons
In the last few decades, several major classes of CMs such as activated charcoals and carbons (ACCs), carbon fiber textiles (CFTs), pyrolytic carbons (PLCs), and diamond-like carbons (DLCs) have been used in various biomedical areas, such as wound dressings and implant coatings (see Table 2 for the nomenclature and descriptions of specific applications of biomedical CMs). Moreover, ACCs have been used as a medication for decades as a universal antidote for several types of toxic substances. Therefore, we strongly believe that antimicrobial GMs have a high chance in finding uses in designing products for wound healing, implant coating, and as anti-infective therapy as is or in combination to conventional biomedical CMs.
On the other hand, a few reports exist on the inherent antibacterial properties of DLCs. [128] [129] [130] However, both in practice and academic research, conventional CMs have been widely treated with metal ions for reducing the risk of infections. It is also worth emphasizing that there have been some attempts to functionalize the surfaces of conventional biomedical CMs with nanofeatured CMs. For instance, Zeng et al. have demonstrated the CVD coating of PLC-based mechanical heart valves with ultrananocrystalline diamond for achieving antibacterial activity. [131] However, we have not encountered any attempt, which deals with the functionalization of conventional biomedical CMs with antimicrobial GMs to attain infection-resistant coatings. We find this as a highly interesting research direction for antimicrobial GMs.
Concentrating on Disagreements and Gaps
Above, we have described the structure-property-activity relationships of GMs' antimicrobial mechanisms, and highlighted the key efforts toward their applications. Moreover, we have also proposed potential future directions for facilitating their clinical transition. However, the field is not without roadblocks since certain disagreements persist, and several knowledge gaps still exist. Below, we briefly summarize those challenges.
Resolving Ongoing Disagreements
Although the majority of the reports are in agreement regarding the existence of GMs' antimicrobial activity, there are a few conflicting reports in the literature. For instance, according to the results of Ruiz et al., which dates back to 2011, GO may enhance the growth of bacteria and cause the formation of a dense biofilm around GO aggregates. [66] In contrast to the previous reports dealing with water-or saline-based experimental conditions, [24, 25, 33] Ruiz et al. reported their results based on the tests made in the presence of growth media (i.e., Luria-Bertani broth). This brings to mind the effect of GO-media interactions for such an observation. And, Hui et al. later provided strong evidence on the deactivation of GO particles by adsorbed growth media components. [58] However, there are other reports showing antibacterial effect in growth media, [132, 133] and also no antibacterial activity in water. [55] One major reason behind the conflicts might be the lack of consistency among the experimental methodologies adopted in different studies. As an emerging field, the antimicrobial GMs are far from having established standards. For instance, the way researchers maintain and grow their organisms is often obscure. Likewise, the "silent" influence of the parameters like impurities/ imperfections is not fully understood and commonly ignored. Therefore, we believe, the field urgently needs to adopt stricter standards for reporting material characteristics and undertaking microbiological routines. Moreover, there is evidence in the literature that GO may behave as a growth enhancer or inhibitor depending on the species tested. [134] But, it is not clear if there is strain specificity, too, which is an open question for further studies. There are two comprehensive reviews that we refer the readers to for further insights on these conflicts. [67, 135] Adv. Healthcare Mater. 2018, 7, 1701406 . e) Photothermal heating of rGO-IONP nanocomposites using NIR irradiation. Reprinted with permission. [124] Copyright 2017, Royal Society of Chemistry. f) Illustration of the synthesis, subcutaneous injection, and PTI-assisted killing mechanism of rGO-IONP nanoparticles (against MRSA) in a mice model. Adapted with permission. [125] Copyright 2016, Elsevier, Inc. g) In vitro and h) in vivo antibacterial activity of GO against a multidrug-resistant strain of Klebsiella pneumoniae (Kp) (in (g), the inset figures on top show the bioluminescence images of untreated control and cells incubated with different concentrations of GO; the inset figures in the middle show photographs and bioluminescence images of control and cells exposed to 250 µg mL −1 GO). Adapted with permission. [151] Copyright 2017, Elsevier, Inc. (Note that some images are recollaged and relabeled.)
Filling the Knowledge Gaps
The least explored aspect of antimicrobial GMs is the role of microorganisms. This can be understood in two ways. The first question is the role of targeted species/strains. Only a few studies provided useful insights in this regard. For example, Veerapandian et al. [133] and Hui et al. [60] (for GQDs) compared the GO susceptibility of four species in their studies. In another work, He et al. reported the antimicrobial performance of GO on dental pathogens (i.e., S. mutans, Fusobacterium nucleatum, and Porphyromonas gingivalis). [113] In comparison, studying several types of species and strains (including isolates) in parallel is a common practice in standard antibiotics research. Therefore, we have a very limited understanding on the performance of GMs against less common bacterial pathogens, which is not the case for antibiotic drugs. Likewise, the role of cellular physiology is even less pronounced in the field of antimicrobial nanomedicine. We have demonstrated the role of growth phases, [61] and Hui et al. [60] tested the susceptibility of antibiotic-tolerant persister cells prepared via a dedicated protocol. Thus, we would like to draw the attention of researchers toward biological aspects to fill a major gap in our understanding. It should be kept in mind that for judicious matching of the GMs for certain antimicrobial purposes, we would need such information.
Prioritizing Safety Considerations
Nanomaterials quite often raise human health concerns, and this is no different for GMs, especially for biomedical applications. Hopefully, since the nanotoxicological investigations of GMs, in general, started earlier than their antimicrobial research, we already have a large volume of literature on the toxicity evaluation of GMs. [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] Despite divergent results and controversies, there is a consensus that the toxicity of GMs strongly depends on purity, lateral size, and chemical nature of particles as well as the applied dose. Therefore, it is obviously quite important to evaluate the toxicity profile of new GMs and GM-based nanocomposites. Due to practical reasons, toxicity evaluation of antimicrobial GMs is often made through in vitro evaluations only. However, in vitro evaluations may not always represent the in vivo behaviors of materials. At this point, zebrafish Danio rerio and nematode Caenorhabditis elegans may serve as relatively practical animal models. [147] [148] [149] [150] We hope these simple platforms will be regarded as an integral part of antimicrobial research of GMs in the upcoming years. It should be noted that a set of comprehensive reviews [142] [143] [144] [145] [146] are available for those readers seeking further information on the toxicity evaluation of GMs. • Neutralization of bacterial toxins and high-level cytokines in exudate • Adsorbing the unwanted odor of wounds • Trapping the bacterial cells • Accelerating the wound healing process • Acting as an agent delivery platform [9, [160] [161] [162] Acute detoxification "pills" • Commercially available under several brand names
Creating a large surface area for the adsorption and subsequent removal of toxins [163, 164] Carbon fiber textiles (CFTs) 
Conclusions and Outlook
In this progress report, we attempted to provide a balanced account on fundamental and application-driven aspects of the antimicrobial GMs. Our evaluations revealed that the progress made in the fundamental side is more established than that of the application domain. Also, we noticed that the role of biotic factors (e.g., species/strains tested, physiological variations) is the weakest spot in our current fundamental understanding. Both in basic research activities and applied studies, the hybrids of metal nanoparticles and GMs were studied heavily. However, as an interesting point, we could not encounter any report dealing with combining the conventional carbon materials currently used in clinical applications with the emerging antimicrobial GMs, which seems to be a promising future direction. Overall, we reached a conclusion that GMs deserve more attention to realize their potential as an antimicrobial platform in the quest for finding new substitutes for antibiotic drugs. In addition to providing a timely account of the stateof-the-art of antimicrobial GMs, we tried to sketch a strategic future perspective. Thus, we hope that the ideas and arguments proposed in this report will help researchers in moving forward and pushing the limits of GMs toward their clinical antimicrobial applications.
